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 ABSTRACT 
 We reported previously that ovariectomy alters pre-
pubertal development of mammary myoepithelial cells 
(MC) by mechanisms that are not well understood. 
Therefore, in the present study, we analyzed expression 
of 2 myoepithelial differentiation markers, α-smooth 
muscle actin (SMA) and the common acute lympho-
blastic leukemia antigen (CD10), in mammary paren-
chymal tissue from intact (INT) and ovariectomized 
(OVX) heifers. On d 40, Holstein heifers underwent 
either an ovariectomy (OVX; n = 16) or a sham (INT; 
n = 21) operation. At 55, 70, 85, 100, 130, and 160 d of 
age, tissues were collected, and multispectral imaging 
was used to quantify immunofluorescent staining for 
myoepithelial cell (MC) markers. Fluorescent intensity 
(FI) of the markers was normalized against a control 
sample. In the basal epithelial layer, CD10 FI was less 
and SMA FI was greater in OVX than INT. The ratio 
of SMA to CD10 FI, as a proxy indicator for MC dif-
ferentiation, was greater in tissue from OVX compared 
with INT heifers after 55 d of age. The staining for 
SMA was frequently more intense along the basal as-
pect of cells, whereas CD10 expression was localized 
on the apical surface of the MC. In mammary tissue 
from both INT and OVX heifers, we observed basal 
cells that were negative for both CD10 and SMA, some 
of which appeared to span the distance from basement 
membrane to the ductal lumen. Interestingly, we also 
observed CD10+ cells adjacent to the ductal lumen, 
a situation that was more prevalent in OVX than in 
INT heifers. Also, ovariectomy affects MC expression 
of both SMA and CD10, as well as the pattern of MC 
development. Myoepithelial cells are known to limit pa-
renchymal growth in other species. Involvement of MC 
as regulators of prepubertal bovine mammary develop-
ment is worthy of further investigation. 
 Key words:   ovariectomy ,  myoepithelial ,  smooth 
muscle actin (SMA) ,  common acute lymphoblastic leu-
kemia antigen (CD10) 
INTRODUCTION
 Maximizing milk production while minimizing pro-
duction cost has been a main goal of the dairy industry 
for years. Among many other factors, the production 
efficiency of adult dairy cows is affected by prepuber-
tal mammary development (Sejrsen and Purup, 1997; 
Sejrsen et al., 2000). Therefore, improved insights into 
the mechanisms involved in regulation of prepubertal 
mammogenesis could open ways to improve mammary 
development and subsequent lactation performance. 
 Growth of the bovine mammary gland becomes al-
lometric at approximately 1 to 3 mo of age (Sinha and 
Tucker, 1969; Sejrsen, 1994; Meyer et al., 2006). This 
allometric prepubertal mammary development, either 
directly or indirectly, is affected by ovarian secretions 
(Wallace, 1953; Berry et al., 2001, 2003; Ballagh et al., 
2008). Berry et al. (2003) reported that no subsequent 
mammary parenchymal growth occurred in heifers that 
were ovariectomized before approximately 2.5 mo of 
age, whereas growth was impaired but not prevented 
in heifers that were ovariectomized between 2.5 and 3.0 
mo of age. In a recent study, we reported that devel-
opment of myoepithelial cells (MC) in the mammary 
gland of prepubertal heifers was altered by ovariectomy 
but the involved mechanisms were not well understood 
(Ballagh et al., 2008). 
 The majority of studies dealing with mammary 
development have focused on lumenal epithelial cells. 
However, the basal MC, as an “exchange barrier” 
between the extracellular matrix and the lumenal 
epithelial layer, have important roles in morphogenesis 
and function of the mammary gland (Deugnier et al., 
2002). Myoepithelial cells are known to affect epithelial 
stratification and to inhibit lumenal cell proliferation, 
side branching, ductal elongation, and angiogenesis 
(Warburton et al., 1982; Wysolmerski et al., 1995; Ra-
 Myoepithelial cell differentiation markers in prepubertal 
bovine mammary gland: Effect of ovariectomy 
S.  Safayi ,*  N.  Korn ,*  A.  Bertram ,*  R. M.  Akers ,†  A. V.  Capuco ,‡  S. L.  Pratt ,* and  S.  Ellis *1
 * Department of Animal and Veterinary Sciences, Clemson University, Clemson, SC 29634 
 † Department of Dairy Science, Virginia Polytechnic Institute and State University, Blacksburg 24061 
 ‡ Bovine Functional Genomics Laboratory, The Beltsville Agricultural Research Center, US Department of Agriculture-Agricultural Research 
Service, Beltsville, MD 20705 
  
 Received July 5, 2011.
 Accepted January 16, 2012.
  1 Corresponding author:  ellis@clemson.edu 
Open access under CC BY-NC-ND license.
2966 SAFAYI ET AL.
Journal of Dairy Science Vol. 95 No. 6, 2012
dice et al., 1997; Sternlicht et al., 1997; Adriance et 
al., 2005; Gudjonsson et al., 2005). Functionally, MC 
have characteristics of both smooth muscle (“myo”) and 
epithelial cells (Adriance et al., 2005). They express 
smooth muscle actin (SMA), a protein involved in 
contraction (Adriance et al., 2005). Myoepithelial cells 
also express the common acute lymphoblastic leukemia 
antigen (CALLA), also known as CD10 and neutral 
endopeptidase. This antigen is involved in cell growth 
and differentiation (Nanus, 2003; Neves et al., 2010) 
through degradation or inactivation of growth factors, 
such as fibroblast growth factor 2, neurotensin, bombe-
sin, and endothelin-1 (Osman et al., 2004; Goodman et 
al., 2006; Maguer-Satta et al., 2011). Increased expres-
sion of a cell-surface peptidase, such as CD10, in mam-
mary MC could also stimulate growth by inactivating 
peptide hormones that inhibit proliferation (Nanus, 
2003; Neves et al., 2010). In our recent report (Ballagh 
et al., 2008), we suggested that the underdeveloped 
ducts in ovariectomized heifers may have resulted from 
premature or aberrant differentiation of MC.
Others have recommended that 2 or more markers 
should be analyzed to provide a more accurate assess-
ment of mammary MC development (Dewar et al., 
2011). A combined analysis of the prominent MC mark-
ers CD10 and SMA allows a more thorough evaluation 
of MC development than analysis of either one alone 
(Gusterson et al., 1986; Moritani et al., 2002; Tse et al., 
2007; Böcker et al., 2009). We therefore analyzed varia-
tions in the abundance and distribution of CD10- and 
SMA-positive cells to track the effect of ovariectomy 
on the ontogeny of mammary MC development in pre-
pubertal heifers. Our results provide the first available 
indication of changes in CD10 and SMA expression 
that correlate with periods of allometric development 
and demonstrate the effect of ovariectomy on MC de-
velopment.
MATERIALS AND METHODS
Experimental Design
Animals used in this study were described previously 
by Ballagh et al. (2008). Briefly, Holstein heifers be-
tween 7 and 21 d of age were purchased from regional 
suppliers. Commercial milk replacer and starter ration 
were fed according to manufacturer’s instructions. At 
40 d of age, all heifers underwent flank laparotomy to 
perform either an ovariectomy (OVX; n = 16) or a 
sham (intact, INT; n = 21) operation. All procedures 
were approved and monitored by the Clemson Univer-
sity Institutional Animal Care and Use Committee. At 
55, 70, 85, 100, 130, or 160 d of age, INT and OVX heif-
ers were killed to provide tissues for histologic analysis. 
Two INT heifers were killed at d 40 to serve as a control 
for developmental divergence between INT and OVX 
heifers.
Tissue Preparation
Mammary parenchymal tissue samples were fixed in 
4% paraformaldehyde in pH 7.2 PBS overnight, dehy-
drated in a Sakura VIP3000 vacuum tissue processor 
(Sakura Finetek USA, Torrance, CA) using a series of 
ethanol solutions (50, 75, 95, 100, and 100%), cleared in 
xylene, infiltrated with paraffin wax, embedded in par-
affin blocks, and stored at room temperature. Paraffin 
blocks were sectioned into 5-μm-thick slices (RM2165 
microtome, Leica Microsystems, Bannockburn, IL). 
Sections were placed onto coated slides (Superfrost 
Plus slides, VWR, West Chester, PA) and dried over-
night on a slide warmer.
Immunofluorescence Staining
Tissue sections were deparaffinized with xylene, re-
hydrated in a graded ethanol series, and washed with 
distilled water. A microwave antigen retrieval protocol 
was performed by boiling sections in 10 mM citrate 
buffer (pH = 6.0) in a microwave oven at 1,200 W for 5 
min, followed by a 5-min incubation, a further 5 min of 
microwaving, and a 30-min cool-down period (Capuco 
et al., 2002). Slides were then washed in PBS at room 
temperature (3 × 2 min) and incubated in blocking 
solution of 10% goat serum in PBS (15 min). Block-
ing serum was removed before incubation with primary 
antibodies.
Primary antibodies included a rabbit polyclonal anti-
αSMA (ab5694, Abcam Inc., Cambridge, MA) and 
mouse monoclonal anti-CD10 (VP-C328, Vector Labo-
ratories Inc., Burlingame, CA). Both primary antibod-
ies were diluted with blocking solution to a concentra-
tion of 2 μg/mL and applied to the sections at room 
temperature for 1 h. The primary antibody solution was 
removed, and slides were washed with blocking solution 
(3 × 5 min). After application of Alexafluor 594-con-
jugated goat anti-rabbit IgG (diluted in blocking solu-
tion to 5 μg/mL) and Alexafluor 488-conjugated goat 
anti-mouse IgG1 (diluted in blocking solution to 5 μg/
mL), the slides were incubated for 1 h (all secondary 
antibodies were purchased from Invitrogen, Carlsbad, 
CA). After removing the secondary antibody solution, 
slides were washed (3 × 5 min) and coverslipped with 
PBS for observation and photomicroscopy.
To control for any effects associated with day of 
staining, both negative and positive control slides from 
the same animal were used on each staining day. The 
positive control slide received both primary and sec-
Journal of Dairy Science Vol. 95 No. 6, 2012
PREPUBERTAL MYOEPITHELIAL CELL DIFFERENTIATION 2967
ondary antibodies. The negative control slide received 
blocking solution in place of primary antibody.
Multispectral Imaging
After staining, slides were immediately examined 
using epi-fluorescent illumination and a fluorescence 
microscope (LMD6000, Leica Microsystems, Ban-
nockburn, IL) and epi-fluorescence filter module 
(LMD-BGR, Leica Microsystems). At least 10 random 
images spread over nonoverlapping regions from 3 
to 5 separate sections were collected using a Nuance 
VIS Flex multispectral imaging system (Cambridge 
Research and Instrumentation, Woburn, MA). The ex-
posure, light intensity, aperture, filter settings, and all 
other system settings were held constant for all images. 
Similarly, all captured images were unmixed using an 
identical spectral protocol to separate color channels 
for quantification. On each image, regions of interest 
were manually defined and categorized as either termi-
nal duct (TD) or large duct (LD). Myoepithelial cells 
were identified based on their basal position within the 
parenchymal epithelium, positive immunoreactivity 
for SMA, and cell morphology (Deugnier et al., 1995; 
Ballagh et al., 2008). As illustrated in Figure 1, the 
green and red channels (CD10 and SMA, respectively) 
were extracted, and the stained basal layer was traced. 
The average scaled signal (recorded light intensity in 
each traced region, adjusted for duration of exposure 
and area) were recorded from both the green and red 
channels to quantitatively assess immunofluorescent 
staining of MC markers (CD10 and SMA, respectively). 
Images were captured using an exposure time of 5,000 
and 2,600 ms, respectively, for green and red channels. 
Captured images were stored as “cubes” that included 
signal intensity separated by channel, according to the 
manufacturer’s software format (*.im3; Cambridge 
Research and Instrumentation). Data presented in 
this study are expressed as normalized average signals 
(scaled counts/s) for the fluorescent intensity (FI) of 
target markers (see below).
Analyses and Calculations
The normalized FI of the target markers on each 
slide was calculated by dividing the mean FI level of 
the sample by the mean FI of the positive control (PC) 
sample from the same staining day. Normalized FI val-
ues were used to determine the ΔFI values, according 
to the following formula:
ΔFI = [normalized FI of the target marker]  
– [mean FI of the reference (PC)].
Least squares means of ΔFI values of target markers 
were normalized to the level observed at d 40 of control 
calves (CON) to calculate the ΔΔFI values:
ΔΔFI = [ΔFI observed at a given stage for INT  
or OVX] – [ΔFI observed at d 40 for CON].
Assuming 100% efficiency of the Nuance software, 
the relative quantity of the target marker was calcu-
lated using the following simplified formula
Relative quantity of the target marker = 2ΔΔFI.
This mathematical model has been modified from the 
model previously introduced for relative quantification 
in real-time reverse transcription-PCR (Pfaffl, 2001). 
In contrast to the Pfaffl method, the greater FI of the 
target marker in this study indicates increased expres-
sion of that marker.
After unexpectedly observing CD10+ cells along the 
ductal lumen, further analyses were performed to quan-
tify the frequency of lumenal CD10 staining in samples 
from OVX and INT heifers. Cells along the ductal lu-
men with CD10 staining were counted, and the epithe-
lial layer was traced to quantify the number of stained 
cells per unit area (expressed as the number of cells per 
100,000 pixels, roughly equivalent to 62.5 μm2).
Statistical Analysis
Because of unbalanced treatment groups resulting 
from incomplete removal of ovaries at surgery (see Bal-
lagh et al., 2008), INT or OVX animals killed at d 100, 
130, and 160 were grouped together and considered as 
a ≥100 d treatment group. Statistical evaluation of 
all data was performed using Mixed procedures (SAS 
Institute, 2003). Before performing the final statistical 
analyses, data were checked for outliers based on re-
sidual plots. Variables in the statistical model included 
the animal age, treatment, and their interactions as the 
fixed effects, and the factors animal within each treat-
ment and animal within each staining day as random 
effects, as shown in the following model:
Y = μ + αi + βj + αβij + γjk + ρjl + εijkl,
where Y = the dependent variable, μ = the overall 
mean, αi = age (i = 40, 55, 70, 85, and ≥100), βj = 
treatment (j = INT or OVX), αβij = interaction be-
tween the age and the treatment, γ = random effect 
of animal within each treatment (k = 1, 2, 3, …, 5), 
ρjl = random effect of animal within each staining day 
(l = 1, 2, …, 6), and εijkl = random variation that 
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Figure 1. Multispectral analysis of myoepithelial cell (MC) markers. Tissue sections (5-μm thick) from paraffin-embedded blocks stained 
with green and red MC markers, respectively, for the common acute lymphoblastic leukemia antigen (CD10) and α-smooth muscle actin 
(SMA). To illustrate the whole epithelial layer in this illustrative micrograph, nuclei were stained in blue with an additional marker (Popo). (A) 
Original image cube taken using a Nuance VIS Flex multispectral imaging system (Cambridge Research and Instrumentation, Woburn, MA); 
(B) extracted green channel (for CD10), illustrating how the stained basal layer was traced; (C) extracted red channel (for SMA), with traced 
area copied from the green channel; (D) extracted blue channel (for Popo), with traced area copied from the green channel; (E) final picture 
(unmixed). Scale bar represents 50 μm. 
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was assumed to be normally distributed with a vari-
ance σ2 and mean of zero. Contrast analyses within the 
Mixed procedure in SAS were also performed at each 
age to test the effect of ovariectomy on the dependent 
variables. Further analyses were also performed to in-
vestigate whether the duct category (TD vs. LD) as a 
fixed effect and its interactions with age and treatment 
within the statistical model affected the dependent 
variables. Results are expressed as normalized least 
squares means values with standard error of mean. The 
PDIFF option in SAS was used to generate compari-
sons between treatment means. The level of significance 
was set at P < 0.05.
RESULTS
Parenchymal Histology
Ovariectomy affects stratification of the parenchymal 
epithelia and the shape of the MC. In OVX heifers, MC 
were smaller, irregularly shaped, and generally flat-
tened. In INT heifers, MC positive for SMA or CD10 
were generally larger, rounded, and positioned closely 
and uniformly together (short apparent inter-nuclear 
distance in the plane of the section; e.g., see panel H 
in Figure 2). We observed a pronounced intracellular 
displacement of MC marker staining within the basal 
cell layer. We noted evident basal accumulation of SMA 
but apical CD10 staining within the basal cell layer (see 
Figure 2, panel D inset). Stratification of MC mark-
ers within the basal cells was easily noticeable in OVX 
heifers (e.g., Figure 2, panels A, C, D) and TD regions 
(see panel E in Figure 3). The stratification of CD10 
and SMA within the basal cells was obvious in older 
heifers. Arborescent parenchymal structures were seen 
in samples from INT heifers at all ages. In older OVX 
heifers, parenchymal structures with minimal arbores-
cence were observed (Figure 3G).
As illustrated in Figures 2A and 2G, occasional cells 
with apically oriented cytoplasmic extensions were seen 
in both OVX and INT heifers. The cytoplasmic ex-
tensions protruded from the surface of basal cells into 
the lumenal epithelial cell layer and exhibited bright 
fluorescent staining. Staining for CD10 along these api-
cal extensions was more prominent than that for SMA. 
Basal cells with the stained projections were observed 
more frequently in samples from OVX than from INT 
heifers.
Although rare, supra-basal double positive cells 
(SMA+/CD10+) were observed in both OVX and INT 
heifers (Figure 3A, B), but generally in an embedded 
position, away from the lumenal surface. Double nega-
tive (expressing neither CD10 nor SMA) basal cells 
were also seen that appeared to contact either the basal 
or both the basal and lumenal spaces (Figure 2B). Such 
double negative cells seemed to be more prevalent in 
OVX than in INT. Double negative cells were also more 
prominent in TD than in LD. In addition, as shown in 
Figures 2C, 2D, 3C, and 3D, a few CD10+ cells were 
unexpectedly observed contacting the lumenal space in 
tissues from both INT and OVX heifers. Further analy-
ses showed that the number of lumenal CD10+ cells per 
unit area (100,000 pixel area) was significantly lower in 
INT than OVX heifers (0.59 and 1.83, respectively; and 
P = 0.02) at all sampling days except for d 70 (0.39 and 
0.34, respectively; and P = 0.97).
Stromal Histology
A dense periductal myofibroblast layer with high-
intensity SMA staining was also observed but was more 
prominent in INT than OVX heifers. The myofibroblast 
staining was more pronounced around TD than LD in 
both INT and OVX heifers (Figure 2). Both SMA and 
CD10 were also expressed in stromal myofibroblasts, 
but with pronounced regional variations (Figures 2F, 
2H, 3B, 3E, 3F and 3G). Staining for both CD10 and 
SMA was generally more pronounced in the intralobular 
stroma than in the interlobular stroma. Stromal regions 
outside of the parenchymal mass were much more ho-
mogeneous and tended to have only low-intensity SMA 
or CD10 staining (data not shown). The difference in 
staining intensity between stromal compartments was 
more obvious for SMA than for CD10. Differences in 
staining of mammary stroma from INT and OVX heif-
ers were most obvious in older heifers (Figure 2).
Fluorescent Intensity
As shown in Figure 4A, the FI of CD10 staining of 
the basal epithelium increased toward d 85 and then 
decreased in the ≥100 d groups for both INT and OVX 
heifers; however, CD10 FI was consistently greater in 
basal epithelium of INT than OVX animals (P = 0.04). 
Expression of CD10 in the TD of OVX heifers failed 
to peak at d 85. The FI for SMA and the FI ratio 
of SMA:CD10, as a proxy indicator for MC differen-
tiation, were lower in INT than in OVX heifers (P = 
0.05 and P = 0.02, respectively; Figure 4, B and C). 
The ratio of SMA:CD10 FI followed the same temporal 
pattern as SMA FI of basal epithelium in both INT 
and OVX heifers, and was largely driven by the greater 
magnitude of change in the FI of SMA staining. The 
FI for SMA decreased from 6.12 at d 40 to 2.83 in INT 
(P < 0.01) and 2.20 in OVX calves (P < 0.01) at d 55. 
Thereafter, SMA FI remained almost constant in INT 
animals, but increased in OVX heifers at d 70 (SMA: P 
= 0.04, and SMA to CD10 ratio: P = 0.03) and in the 
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Figure 2. Immunofluorescent micrographs of mammary tissue stained for biomarkers of myoepithelial cells (MC). The tissue sections were 
stained with green and red markers for the common acute lymphoblastic leukemia antigen (CD10, in green) and α-smooth muscle actin (SMA, 
in red). Panels show the stratification of the MC markers in mammary parenchymal tissue from (A) ovariectomized heifers (OVX) at 55 d of 
age, where arrows show MC with cilia-like apical extensions; (B) OVX at 70 d of age, where arrows show double negative basal cells; (C) OVX 
at 85 d of age, with many lumenal CD10+ cells; (D) OVX at ≥100 d of age, where the arrow shows one of the lumenal CD10+ cells; and from 
(E) intact heifers (INT) at 55 d of age, where arrows highlight myofibroblasts with high intensity of SMA; (F) INT at d 70; (G) INT at 85 d 
of age, where arrow shows an MC with cilia-like apical end; and (H) INT at ≥100 d of age, where arrow highlights myofibroblasts with high 
intensity of SMA. The basal localization of SMA and apical CD10 staining is illustrated in both INT and OVX. In OVX, MC were arranged in 
an unbalanced order and less rounded. In sections from INT heifers, basal MC were in a more uniform order, rounded, and positioned closely 
together. Insets within micrographs illustrate higher magnification views of objects indicated by the arrow or star. Scale bar represents 50 μm. 
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Figure 3. Immunofluorescent micrographs of mammary tissue stained for biomarkers of myoepithelial cells (MC). The tissue sections were 
5 μm thick, cut from paraffin-embedded blocks, and stained with green and red MC markers, respectively, for the common acute lymphoblastic 
leukemia antigen (CD10) and α-smooth muscle actin (SMA). Panels A) and B) show supra-basal double positive cells (arrows); panels C) and 
D) show lumenal cells expressing CD10+ in an immunofluorescent micrograph (arrow) (C) and in a hematoxylin and eosin (H&E)–stained mi-
crograph of the exact same section and region (arrow). The section was H&E stained after photomicrography for immunofluorescent label detec-
tion. Panels D) and E) show the higher intensity of SMA in terminal duct (TD) than in large duct (LD). Panels F) and G) show the intra- (I) 
versus interlobular (II) stromal intensity of SMA at 85 d (F) and ≥100 d (G) in INT; panel H) shows underdeveloped ducts lacking branches at 
≥100 d in OVX. Insets within micrographs illustrate higher magnification views of objects indicated by the arrow. Scale bar represents 50 μm. 
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≥100 d group (P = 0.01). The difference in SMA FI at 
d 70 was primarily due to higher FI in LD (SMA: P < 
0.01, and SMA to CD10 ratio: P < 0.01). In the ≥100 
d group, SMA FI was elevated in LD (SMA: P < 0.01, 
and SMA to CD10 ratio: P < 0.01), and in TD in INT 
heifers (SMA: P < 0.01, and SMA to CD10 ratio: P < 
0.01).
DISCUSSION
Little information is available on the ontogeny of 
MC in dairy animals and on its regulation in any spe-
cies. We have previously noted that SMA expression 
in MC of INT heifers is low or undetectable (Capuco 
et al., 2002), but other information is lacking. To bet-
ter understand prepubertal MC ontogeny, 2 MC dif-
ferentiation markers, SMA and CD10, were analyzed 
to demonstrate how age and ovariectomy affect MC 
differentiation during prepubertal mammary develop-
ment in dairy heifers. To the best of our knowledge, 
this study is the first to evaluate the changes in the 
combined expression of the bovine MC markers SMA 
and CD10.
In the present study, we saw SMA+ cells in both 
OVX and INT at all sampling ages. In our recent study 
(Ballagh et al., 2008), we reported that INT animals 
had virtually no SMA staining in mammary paren-
chyma after d 40. This apparent discrepancy results 
from the fact that different embedding and staining 
methods were used in the present report. Samples used 
in the first study (Ballagh et al., 2008) were embed-
ded with glycol methacrylate (GMA) resin to ensure 
optimal preservation of morphology, whereas samples 
used in current study were paraffin-embedded to ensure 
optimal immunohistochemical staining. In the report 
by Ballagh et al. (2008), we used gold conjugated sec-
ondary antibodies with silver intensification to detect 
SMA. In the present study, immunofluorescence and 
extremely photostable AlexaFluor dye conjugates were 
used for SMA detection. Although resin-embedded sec-
tions are very suitable for quantitative morphological 
studies, our results show them to be less desirable for 
immunostaining. Such difficulties with GMA-embedded 
samples have been also reported by other studies (Ago-
doa et al., 1975; Cerri and Sasso-Cerri, 2003). As men-
tioned by Cerri and Sasso-Cerri (2003), the reduced 
staining sensitivity could be attributed to the fact that 
under standard protocols, paraffin, but not GMA resin, 
is removed from the sections. In immunohistochemical 
studies, paraffin-embedded samples are therefore fa-
vored over GMA samples, and interpretation of results 
should account for the effect of embedding medium.
Similar to the observations in the present study on 
bovine mammary tissues, Deugnier et al. (1995) report-
ed that expression of smooth muscle–specific proteins 
in human breast MC is developmentally regulated. 
Studies in mice and rats (Williams and Daniel, 1983; 
Ormerod and Rudland, 1984; Deugnier et al., 1995) also 
illustrate regional differences in MC development along 
the flanking aspects of terminal end buds and subtend-
ing ducts. In our study, MC differentiation was most 
pronounced in older OVX heifers and was correlated 
with the establishment of larger and less arborescent 
ductal structures. A role for MC in suppression of cell 
growth has been previously reported (Rønnov-Jessen 
and Petersen, 1996; Okamoto-Inoue et al., 1999; Adri-
ance et al., 2005). Thus, the existing literature supports 
our interpretation of histologic results and hypothesis 
that MC differentiation may contribute to the reduc-
tion of bovine mammary parenchymal growth after 
ovariectomy.
Moritani et al. (2002) showed uniform expression of 
CD10 in human breast MC. However, our results clear-
ly illustrate the existence of double-negative (CD10−/
SMA−) cells among basal cells in both INT and OVX 
heifers. Zhang et al. (2003) reported similar findings 
on the loss of 9 markers, including SMA and CD10, 
in some basal cells of the human breast. Zhang et al. 
(2003) noted SMA− cells expressing cytokeratin (CK) 
5 and CK14 and suggested that double-negative cells 
result from stem cell–mediated proliferation during the 
transition to a terminally differentiated status. Accord-
ing to Böcker et al. (2009), such SMA−/CK5+/CK14+ 
cells could be either progenitor cells or intermediate 
glandular cells. In the present study, we saw 2 types of 
double-negative cells: tall columnar cells spanning the 
height of the epithelial layer and smaller cells resting on 
the basement membrane but separated from the lume-
nal space by overlying cells. We propose the possibility 
of (1) the tall columnar double-negative cells actually 
being lumenal epithelial cells that also reach the base-
ment membrane; and (2) the smaller double-negative 
cells being either progenitor cells or cells in early glan-
dular and MC differentiation pathways (Böcker et al., 
2009).
To the best of our knowledge, this is the first study 
with histologic evidence of lumenal CD10+ cells in the 
bovine mammary gland. In an in vitro study on cells 
separated from normal adult human breast epithelium, 
O’Hare et al. (1991) reported cells expressing a lumenal 
cell marker (CK18) in CD10+ cells. Reports exist in the 
cancer literature showing apparently contrasting roles 
of CD10 in both proliferation and apoptosis (Cutrona et 
al., 2002; Suzuki et al., 2002; Bai et al., 2003; Bilalovic 
et al., 2004). Cutrona et al. (1999) suggested a novel 
function for CD10 in regulation of apoptotic processes 
of T cells, both in vitro and in vivo. In another in vitro 
study, Cutrona et al. (2002) reported that malignant 
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Figure 4. Average signal fluorescent intensities of target markers: (a) basal common acute lymphoblastic leukemia antigen (CD10, also 
known as CALLA), (b) basal α-smooth muscle actin (SMA), and (c) ratio of basal SMA to basal CD10, are shown to illustrate the observed 
differences in basal cell layer. Values are normalized least squares means relative to values obtained at d 40, before the treatment was applied. 
P-values for age at tissue collection (AGE), type of duct (DUCT), treatment (TRT), and their interactions are presented beside each graph. INT 
= intact; OVX = ovariectomized; TD = terminal duct; LD = large duct.
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B cells, from acute lymphoblastic leukemia patients, 
that expressed CD10 had an increased tendency toward 
apoptosis. Based on the observed morphology of the 
lumenal CD10+ cells and the available literature, we 
propose that the lumenal CD10+ cells seen in this study 
are desquamating from the epithelial layer and dying. 
Additional support for our hypothesis can be derived 
from the observation that lumenal CD10+ cells are much 
more common in OVX heifers, where growth is greatly 
diminished and stratification is also reduced (Bocker et 
al., 2009). Additional study of the lumenal CD10+ cell 
populations may be warranted because we previously 
noted a very low frequency of terminal deoxynucleo-
tidyl transferase dUTP nick-end labeling (TUNEL) 
staining in prepubertal bovine mammary parenchyma 
(Capuco et al., 2002). If the lumenal CD10+ cells are 
indeed desquamating and dying, the implication is that 
nonapoptotic mechanisms for cell death could be opera-
tive and critical during prepubertal bovine mammary 
development.
Aside from their well-characterized role in milk ejec-
tion, mammary MC are also involved in regulation of 
growth and differentiation of their neighboring lumenal 
epithelial cells (Gudjonsson et al., 2005). Mammary 
MC express factors that affect cell growth (e.g., fi-
broblast growth factor-2), regulation of ductal growth 
(e.g., activin), lumenal epithelial differentiation (e.g., 
P-cadherin), and mammary morphogenesis and devel-
opment (e.g., maspin, an angiogenesis inhibitor) (Liu et 
al., 1996; Radice et al., 1997; Zhang et al., 1999, 2000; 
Sopel, 2010). In addition, involvement of CD10 in cell 
growth and differentiation has been reported previously 
(Nanus, 2003; Neves et al., 2010). For example, CD10 
controls cellular proliferation in the lung by hydrolyz-
ing bombesin-like peptides, which are potent mitogens 
for ﬁbroblasts and bronchial epithelial cells (Shipp et 
al., 1991). Reduced CD10 expression in MC is associ-
ated with a higher risk of relapse in ductal carcinoma in 
situ (Toussaint et al., 2010). Bachelard-Cascales et al. 
(2010) reported a role for CD10 in preventing differen-
tiation of mammary progenitors and preservation of the 
progenitor and stem cell pools in the mammary lineage. 
Others have even suggested that high expression of a 
cell-surface peptidase such as CD10 could inactivate 
proliferation inhibitors and hence indirectly stimulate 
proliferation (Nanus, 2003; Neves et al., 2010). Our 
results showed that CD10 FI of basal epithelial cells 
was higher in INT than OVX heifers at all sampling 
ages. The CD10 FI difference between younger OVX 
and INT heifers was primarily due to the difference 
between CD10 FI in LD. In older heifers, the difference 
in CD10 expression between OVX and INT was due 
to CD10 FI difference in TD, and not LD. Thus, the 
present data support the possibility of MC involvement 
in ductal patterning.
As illustrated in Figures 2A and 2G, thin apical cyto-
plasmic extensions protruding from the surface of basal 
cells into the lumenal epithelial cell layer were routinely 
observed in micrographs from this study. Those api-
cal extensions suggest the presence of primary cilia on 
basal cells during the prepubertal period. Primary cilia 
are nonmotile, microtubule-based organelles, with criti-
cal roles in developmental signaling pathways, includ-
ing cellular differentiation and division (Eggenschwiler 
and Anderson, 2007; Plotnikova et al., 2009). The pres-
ence of primary cilia has been reported in mammary 
MC of other species, including human (Stirling and 
Chandler, 1976; Yuan et al., 2010), mouse (McDermott 
et al., 2010) and rat (Radnor, 1972). Nickerson (1989) 
reported the existence of primary cilia associated with 
MC in dairy cows. Primary cilia of MC are thought 
to act as mechano- and chemo-receptors (Stirling and 
Chandler, 1976; Plotnikova et al., 2009; Yuan et al., 
2010). McDermott et al. (2010) showed that primary 
cilia have a role in branching morphogenesis in mouse 
mammary gland, and that cilia-deficient glands were 
underdeveloped with fewer terminal end buds and 
fewer branches. Others have also reported that cilia de-
fects lead to dramatic alteration in tissue architecture 
(Seeley and Nachury, 2009). As we show in Figure 2, 
micrographs included in the report by McDermott et 
al. (2010) also illustrate basal SMA+ cells with thin api-
cal extensions. In that report, such cells also expressed 
acetylated tubulin, a characteristic of primary cilia. 
We therefore propose that the thin apical cytoplasmic 
extensions seen in our study are indicative of primary 
cilia. Further studies are necessary to investigate the 
hypothesis that ovarian secretions during prepubertal 
mammary development affect the formation and func-
tion of primary cilia in MC.
In a previous study with prepubertal dairy heifers, 
Capuco et al. (2002) reported the presence of myofi-
broblasts labeled with SMA in intralobular stroma but 
not interlobular stroma. We also noted that SMA stain-
ing was more apparent in the intra- than interlobular 
stroma. Furthermore, a dense periductal myofibroblast 
layer with a high intensity of SMA was also observed 
more commonly in INT than OVX. The periductal 
sheath of myofibroblasts was more developed in TD 
than in LD. Parallel observation of CD10 staining also 
indicated that the intralobular stroma had more of a 
myoid character than the interlobular stroma (as in 
Figure 2B and 2F where CD10 staining is most intense 
in the periductal region but diminishes with distance 
away from the parenchyma). Taken together, the re-
sults of the present study and the earlier report by 
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Capuco et al. (2002) provide support for the suggestion 
that ovarian signals modulate stromal character in ad-
dition to affecting parenchymal cell development and 
differentiation.
In this study, we showed the effect of ovariectomy 
on MC ontogeny in prepubertal dairy heifers. Mam-
mary MC, as the exchange barrier between extracel-
lular matrix and the lumenal epithelial layer (Deugnier 
et al., 2002), seem to have important role in growth, 
differentiation, and function of the mammary gland. 
Future studies should focus on different markers in-
volved in growth and differentiation of MC, as well as 
the interaction of those cells with neighboring lumenal 
epithelial cells, interstitial tissue, and mammary micro-
vasculature. It will also be important to elucidate how 
CD10 level changes at different MC maturity levels. 
For example, whether the fully differentiated MC of 
lactating glands have higher expression of markers such 
as CD10 compared with MC cells of prepubertal tissues 
is currently unknown. To the best of our knowledge, 
no studies have compared CD10 expression at differ-
ent stages of lactating and nonlactating glands. This 
study was focused on mammary development from d 
40 to 160 of age. Other stages of pre- and postpubertal 
development should also be analyzed. Such studies are 
necessary to draw a larger picture of the pattern of 
lumenal-myoepithelial cell transition or differentiation 
during mammary development.
CONCLUSIONS
We confirmed that ovariectomy alters prepubertal 
myoepithelial development. Given that MC are known 
to limit parenchymal growth in other species, the knowl-
edge generated in the present study will inform new 
avenues to understand the cellular dynamics affected 
by prepubertal ovarian secretions. Possible manipula-
tion of MC in the mammary gland could be the major 
advantage of such studies, and may represent an avenue 
toward treatments to maximize milk production and 
provide significant economic benefit to dairy producers.
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